DNA-templated synthesis (DTS), the use of DNA hybridization to dramatically increase the effective molarity of reactants linked to oligonucleotides, is a powerful strategy to control chemical reactivity in a DNA sequence-programmed manner.^[@ref1]−[@ref4]^ Because the reaction products of DTS are encoded by the sequences of the associated DNA templates, they can be subjected to in vitro selection followed by PCR amplification and DNA sequence analysis to enable the discovery of functional small molecules,^[@ref3],[@ref5]−[@ref7]^ synthetic polymers,^[@ref8]−[@ref10]^ or novel chemical reactions.^[@ref11]−[@ref15]^ We recently reported the three-step DNA-templated synthesis of a 13,824-membered small-molecule macrocycle library.([@ref16]) The library was subjected to in vitro selection for binding affinity to a variety of proteins of biomedical interest, ultimately yielding a new class of macrocyclic kinase inhibitors.([@ref6]) Other complementary approaches to generating DNA-encoded libraries have led to the discovery of bioactive small molecules,^[@ref17]−[@ref29]^ including a number of examples in the pharmaceutical industry.^[@ref5],[@ref30],[@ref31]^

Generating DNA-encoded small molecules of significant structural complexity requires multistep DNA-programmed or DNA-tagged synthesis.^[@ref3],[@ref5],[@ref23],[@ref30],[@ref32]−[@ref37]^ A number of strategies have been developed to enable multistep DTS. The simplest uses a DNA template strand containing several codons and reagents linked to complementary anticodon oligonucleotides that are added successively.^[@ref3],[@ref32]−[@ref34]^ While this approach is conceptually straightforward, it requires several manipulations after each step that increase required time and effort and can decrease overall yields. The relative geometry between reactants on the template and reagent strands also changes after each step in this approach, potentially altering reaction efficiencies.([@ref38]) More complex self-assembled DNA structures and devices can also mediate multistep DTS. For example, a DNA three-way junction that contains multiple reagents at the junction has been developed for the construction of DNA-encoded peptides.([@ref5]) We developed a DNA mechanical device that moves along a DNA track and mediates autonomous multistep organic synthesis in a single isothermal solution.([@ref35]) McKee et al. recently used a DNA strand-exchange strategy to achieve a three-step DTS in which products are swapped between new and old DNA strands with the assistance of a "remover strand" that displaces expended reagent oligonucleotides.([@ref36])

Despite these significant advances and the diversity of approaches to generating multistep DTS products, all multistep DNA-templated small-molecules syntheses reported to date have used only three or fewer DNA-templated steps, and overall yields are generally low (typically \<10%). Here we present a new strand-displacement strategy for multistep DTS and its use to mediate a six-step synthesis with an overall yield of 35% (average yield of 83%). By providing products of six-step DNA-programmed reaction sequences in good overall yield, the approach presented here may provide access to high-complexity DNA-templated small-molecule libraries.

Our strategy exploits "toehold displacement," the known ability of a single-stranded DNA oligonucleotide (AB) to invade an asymmetric DNA duplex (A′B′:B) that contains a single-stranded hybridization site (A′) for the invading strand.([@ref39]) Once A:A′ hybridization takes place, base pairing with the invading strand continues, ultimately resulting in strand displacement of the shorter, and therefore less-favorably hybridized, B strand. Displacement results in the formation of a new Watson--Crick complex suitable for DTS. We hypothesized that this approach could represent a highly efficient and very simple way to access products of several consecutive DNA-programmed reactions while preserving the correspondence between DNA sequence and reaction product structure that is required for in vitro selection.

![Toehold displacement--mediated multistep DNA-templated synthesis. In each step, hybridization between the template and substrate oligonucleotides triggers a DNA-templated reaction. The template strand contains multiple toehold regions (colored) that allow successive docking of new substrates and DNA strand displacement of oligonucleotides following each reaction without requiring purification after each step.](ja-2011-01361t_0001){#fig1}

The application of this "toehold displacement" strategy to multistep DTS is summarized in Figure [1](#fig1){ref-type="fig"}. A single-stranded DNA template (**T**) consists of a 16-base initial reaction site (black) followed by five consecutive 8-base coding segments (colored) that also serve as toeholds to initiate sequential DNA strand displacement. In the first step, substrate DNA **S1**, which is tethered to the first reactant, hybridizes to **T**, initiating DTS. If self-cleaving reagents are used, the first reactant group is transferred from **S1** to **T** as a natural consequence of the DNA-templated reaction. After sufficient time to react has elapsed, the second substrate strand **S2** is added without requiring product purification or any other manipulation. **S2** partially hybridizes with **T** through the red toehold region and displaces **S1** by forming a more stable DNA duplex due to the fact that the oligonucleotide in **S2** is eight nucleotides longer than that in **S1**. As a result, **S1** spontaneously leaves the Watson--Crick complex and the second reactant's group is transferred to the **T**-linked intermediate through a DNA-templated reaction. Thereafter, an even longer substrate strand **S3** is added to displace **S2** and initiate a third reaction.

So long as unpaired toeholds (colored regions in Figure [1](#fig1){ref-type="fig"}) remain in **T**, this process can be iterated to generate successively longer or more complex products without requiring any intervention during the reaction sequence beyond the simple addition of successive substrates to the same reaction vessel. Importantly, the effective molarity of the reactants during successive DNA-templated steps in this strategy remains relatively constant since the reactive groups for each step remain at the end of the double-stranded region.([@ref38]) As a result, we anticipated that reaction yields would remain higher over the course of many steps than with traditional multistep DTS methods. Crucially, the DNA templates in this strategy retain all product-encoding information throughout the DTS process, thus enabling the multistep products to be subjected to in vitro selections for desired properties, in contrast with a different approach to multistep synthesis that uses DNA strand exchange.([@ref36])

We designed and executed a six-step DNA-templated reaction sequence using this approach. The DNA template (**T**) contains a 3′ primary amine group, and the first five substrates (**S1**--**S5**) contain 5′ *N*-hydroxysuccinimidyl (NHS) ester-linked amines.^[@ref32],[@ref35],[@ref37]^ The oligonucleotide--reagent bond is automatically cleaved as a result of the amine acylation reaction, thus enabling spontaneous transfer of the amino acid building block from each substrate to the template. The transferred amino acid displays another primary amine group that is poised to further react with the next NHS ester to continue the multistep DTS. The last substrate (**S6**) contains a biotin NHS ester and lacks a primary amine group (Figure [2](#fig2){ref-type="fig"}).

![(a) Reactant structures; (b) expected six-step DNA-templated reaction product.](ja-2011-01361t_0002){#fig2}

In a typical experiment, **T** (1 μM) and **S1** (1.2 μM) were combined in aqueous buffer containing 50 mM MOPS and 10 mM Mg(OAc)~2~ at pH 7.5. After 30 min at room temperature, the second substrate **S2** was added into the system, followed by another 30-min incubation at room temperature. Substrates **S3**--**S6** were similarly added at successive 30-min intervals. During the entire process, the temperature and buffer conditions were constant. The six-step reaction was therefore carried out in a single vessel at room temperature over 3 h. The crude reaction mixture was desalted by gel filtration and analyzed by high-resolution ESI mass spectrometry. For comparison, reactions containing only **T**, **T**+**S1**, **T**+**S1**+**S2**, **T**+**S1**+**S2**+**S3**, **T**+**S1**+**S2**+**S3**+**S4**, **T**+**S1**+**S2**+**S3**+**S4**+**S5**, and **S1**+**T**~**mis**~ (a template containing a scrambled DNA sequence) were also subjected to the reaction conditions and analyzed by high-resolution mass spectrometry.

The unreacted template and all six expected reaction products corresponding to one-, two-, three-, four-, five-, and six-step reaction sequences were observed with high mass accuracy (Figure [3](#fig3){ref-type="fig"}). Each reaction resulted in highly efficient formation of the desired multistep product, such that the predominant template-linked ion observed from each reaction corresponded to the expected one- to six-step reaction product (Figure [3](#fig3){ref-type="fig"}). The observation that in the six-step reaction mixture the template-linked full-length hexaamide product provided the strongest *m*/*z* signal among all template-linked ions suggested that the six-step product might be formed in excellent overall yield. The control reaction containing the mismatched template and **S1** did not generate detectable product (Figure [3](#fig3){ref-type="fig"}), indicating that hybridization with the template is required to effect product formation under these conditions.

![Mass spectrometric analysis of multistep DNA-templated reaction products generated by sequential strand displacement. Eight reactions using the species shown were separately performed as described in the text. The mass range shown includes all template-linked species. Observed *m*/*z* values for ions of −5 charge are shown in black; expected *m*/*z* values are shown in red. The arrow in the last spectrum indicates the expected *m*/*z* value of the product corresponding to reaction between **S1** and a scrambled template (**T**~**mis**~).](ja-2011-01361t_0003){#fig3}

To quantitate reaction yields during all six reaction sequences, we used denaturing polyacrylamide gel electrophoresis (PAGE). Because each building block adds significant mass to the template, the full-length product and all the intermediate products migrate differently during PAGE. To achieve better separation during PAGE, all reaction products were digested with restriction endonuclease *Dde*I, which cleaves the 56-nt template into a 22-nt 3′ fragment containing the reaction products. To enable accurate quantitation of reaction yields, a single fluorescein group was incorporated into the template (prior to DTS) near the 3′ end, allowing the 22-nt fragments to fluoresce with equal intensity. Densitometry of fluorescein-visualized PAGE gel (Figure [4](#fig4){ref-type="fig"}) revealed that the three-step reaction sequence (lane 4) generated the corresponding three-step product in 55% overall yield, and the six-step reaction sequence (lane 7) produced full-length hexaamide product in 35% overall yield, corresponding to ∼83% average yield per step (see the [Supporting Information](#notes-1) \[SI\] for additional details). An independent experiment to determine reaction yields using nonfluoroscein-labeled **T** in which *Dde*I-digested reaction products were analyzed by PAGE followed by staining resulted in 38% overall yield of six-step reaction product (see the [SI](#notes-1)). To our knowledge, these results represent both the highest yielding and longest multistep DNA-templated small-molecule syntheses to date.^[@ref32],[@ref35]−[@ref37]^

![Denaturing PAGE analysis of the multistep DTS reactions analyzed in Figure [3](#fig3){ref-type="fig"}. Each template-linked species contained a single fluorescein group to enable uniform visualization. The reaction products were digested with the endonuclease *Dde*I prior to PAGE analysis to cleave the product-linked oligonucleotides to 22-mers. Lanes 1 and 8: unreacted template; lanes 2--7: DNA template after successive reaction with one, two, three, four, five, or six reagents, respectively.](ja-2011-01361t_0004){#fig4}

Applying this strategy for future multistep DNA-templated library syntheses will require that reagent-linked oligonucleotides each be prepared as mixtures containing all possible anticodons for prior DNA-encoded steps. The recent availability of inexpensive custom oligonucleotide pools from chip-based parallel synthesis^[@ref40]−[@ref43]^ provides practical access to these materials. In addition, the fact that the specificity-determining step of each reaction is hybridization of the 8-base toehold, which encodes the current reagent, implies that mismatch hybridization elsewhere in the template:reagent oligonucleotide duplex will not affect the fidelity of the multistep DTS process. Moreover, longer DNA templates could conceivably give rise to products of more than six DNA-programmed reactions. Indeed, we have observed that a 64-base, 80-base, and 96-base DNA strand in a duplex, sufficient to encode up to ∼10 DNA-templated reactions, can be effectively displaced using a 72-mer, 88-mer, or 104-mer (see the [SI](#notes-1) and Figure S3).

In summary, we developed a rapid, one-pot, highly efficient multistep DNA-templated synthesis strategy that is driven by successive toehold DNA strand displacement. The strategy was used to generate a six-step DTS reaction product in 35% overall yield (83% average yield per step), such that the desired product was the major observed template-linked species after six steps with no purification or reaction manipulation required beyond addition of each substrate every 30 min. Since the reaction history of the products remains encoded by their associate templates, this strategy may enable future efforts to generate high-complexity (e.g., *n*^6^) DNA-templated libraries suitable for in vitro selection.
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